Abstract.-The recent great advance in the production of highly inonochromatic atcmic beams is opening new pers2ectives in surface physics, having made way to a full determination of the surface vibrational structure. After a short review of the earlier attempts to detect surface phonons from the angular distributions of scattered atoms, we re2ort on the direct measurement of surface phonon dispersion curves, first achieved by Brusdeylins, Doak and Toennies in alkali halides, from time-of-flight (TOF) spectra of scattered He atoms. A comparison is made with the existing theories of surface phonons in ionic crystals. The state of the art in the theory of inelastic scattering processes is briefly illustrated in order to discuss the theoretical inter2retation of TOF spectra. The one-phonon energy-loss spectra of He scattered from LiF(001) calculated for a hard corrugated surface model are found to be in good agreement with TOF spectra at all the incidence angles. Evidence is given that, in addition t l ayleigh waves, important contributions to the inelastic scatte g come from the surfaceprojected density of bulk phonons. The possible observation of optical surface modes in KCl(001) is finally discussed.
1. Introduction.-Although surface phonons have since long attracted much attention due to their role in several surface and interface phenomena and in various technological applicationsI1 their spectroscopy in the dispersive region has been considered till now much more difficult than that of bulk phonons. Indeed the conventional probes of bulk phonons, such as neutrons2 and light, are only weakly sensitive to the surface owing to their large penetration into the solid. In the plasma spectral region photons become surface sensitive but couple only to very long-wave surface excitation^.^'^ Also electron energy loss spectroscopy, which has given us the first evidence of surface electromagnetic modes in monocrystalsI5 and inelastic electron tunneling spectroscopy6 are actually restricted to long waves by unfavorable kinematical conditions.
The great potentialities of atom scattering in surface phonon spectroscopy have been apparent since the theoretical work of Cabrera, celii and Manson,7 ~u t only the recent great advance in the ~roduction and detection of highly monochromatic atomic beams, triggered off by the studies in rarified gas dynamic^,^ has made way for a full determination of the surface vibrational structure. Today atoms can do for surface phonons the same job that slow neutrons do for bulk phonons.
Alongside, various theoretical problems had to be considered, since the assessment of such a powerful technique in surface phonon analysis required an accurate comparison with the predicted energy-loss profiles and related surface phonon densities. This in order to answer
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19816234 two urgent questions: i) Whether and when are single-phonon processes predominant; ii) in how distorted a way do energy-loss spectra reflect the surface projected phonon density.
2. Inelastic processes in angular distributions.-The early experiments carried out by Subbarao and ~i l l e r~ with cold He beams on Ag(ll1) provided a first clear separation between elastic and inelastic scattering, the latter displaying a clear multiphonon nature.
On the contrary, the data obtained by Williams and Mason for He scattering from ~iF(001)'~ and ~a~( 0 0 1 ) l~ were indicative of one-phonon processes. The phonon frequencies, derived from a sophisticated analysis of the out-of-plane angular distributions (AD) around the diffraction peaks, are in fair agreement with the calculated Rayleigh wave (RW) dispersion curves.
In fig. la According to Avila and ~a g o s l~, the systematic deviation in fig.la from the thoretical curve is removed when the data are analyzed in terms of kinematical focussing.
The kinematical focussing (KF) occurs with any ?articular scattering geometry for which the paraboloid representing the energy-loss versus momentum transfer relation * is tangent to a surface-phonon dispersion surface w = w(K) .I6 Here w , and Ki are energy and parallel momentum of the incident atom ( 5 = 1 ) : i and ef the incidence and outgoing angles, respectively. K and Knp P are the components of the transferred parallel momentum 2 = (Kp,Knp), respectively parallel and normal to the incidence plane.
KF yields singularities in the angular distribution due to the vanishing of the Jacobian transforming momentum-space coordinates into angular coordinates.
For planar scattering (Knp=O), W may occur only along symmetry directions. For relatively heavy probes, like Ne, and large 8f and 0i, KF occurs at small phonon group velocities, i.e. for phonons close to the critical points, where the phonon density is large. 16 Avila and Lagos have discussed another important enhancement mechanism for non-planar KF which explains Williams and Mason's data. 15 Boato and Cantinil7perforrned a careful investigation of the angular distributions of Ne planar scattering from LiF(001), finding a rich fine structure in addition to the elastic diffraction pattern. Although interpreting such inelastic features as due to KF' yielded frequencies of surface modes in reasonable agreement with the theoretical prediction for Rayleigh and Lucas modes at and r critical points18, Cantini, Felcher and Tatarek found a more convincing explanation of the fine structure in terms of inelastic resonances with surface bound states19. In addition, their kinematical analysis led to a rough determination of RW dispersion. Cantini andTatarekhave made a similar analysis for the inelastic resonances of He scattered from graphite (0001) . 20 The high-resolution angular distributions recently obtained by Brusdeylins -et a2 for He scattering from LiF(001) and M NaF(001) 2 1 give only a faint evidence of KF effect, its features being hardly distinguishable from the complicatedpattern of inelastic resonances.
Thus K F could be visible only where the channels to bound states are extremely weak, as in metals, but we do not know s4 of any example, apart from some2~oorly understood data on He-Au ( 111 .
However, in view of the recent ads~ vance in the theory and design8 of highly monochromatic nozzle beam sources, the KF way to surface phonons has been abandoned in favour of TOF spectroscopy. 
The a n a l y s i s of t i m e -o f -f l i g h t s p e c t r a . -I n t h e l a t e s e v e n t i e s TOE measurements provided a direct e v i d e n c e of Rayleigh waves i n t h e THz The h i g h -r e s o l u t i o n s p e c t r a measured by Toennies group i n G a t t i n g e n l e d f o r t h e f i r s t time t o t h e f u l l d e t e r m i n a t i o n of t h e RW d i s p e r s i o n a s w e l l a s of t h e energy l o s s p r o f i l e s i n L~F~~, NaF ( f i
g . l b ) and ~~1 . l~ These experiments have s t i m u l a t e d a new e f f o r t i n t h e t h e o r y of i n e l a s t i c p r o~e s s e s~~-~~. Most o f t h e f e a t u r e s found i n TOE' s p e c t r a -d ominance o f RWs and c u t -o f f of o p t i c a l f r e q u e n c i e s -w e r e p r e d i c t e d a lr e a d y i n t h e framework of t h e d i s t o r t e d wave Born approximation ( D W B A ) ?~ The v a l i d i t y o f t h i s t h e o r y f o r i o n i c c r y s t a l s , where t h e s u r f a c e i s q u i t e c o r r u g a t e d , i s i n q u e s t i o n , however, s i n c e t h e non-specular p a r t of t h e p o t e n t i a l works a s a p e r t u r b a t i o n . P h y s i c a l l y it would mean t h a t unklapp p r o c e s s e s i n v o l v i n g s u r f a c e -r e c i p r o c a l l a t t i c e v e c t o r s G # 0 have t o be l e s s p r o b a b l e , which i s c l e a r l y i n c o n t r a s t w i t h t h e o b s e r v a t i o n of s t r o n g quantum rainbow e f f e c t s . 1 7
t h e b r e a t h i n g s h e l l model w i t h room tem-
p e r a t u r e i n p u t d a t a .
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K d e n o t e s k i n e m a t i c a l The quality of bulk dynamics can be judged by comparingto neutron data (black points) the band edges which correspond to bulk dispersion curves along symmetry directions. In this calculation, based on BSM and room temperature data, bulk (a*) and surface (as) ion polarizabilities are equal ( a t = a : ) and taken from the classical compilation of Tessmann, Kahn and Shockley 3 3 (TSS).
If a v s allowed to be larger than a-and both are adjustable, the residual discrepancies at the A point can be removed in both bulk and RW dispersion curves.29 Despite the general argument that surface polarizabilities should be larger than bulk polarizabilities owing to the smaller co~rdination, wedidnot use this fitting procedure here, since TKS values yield an excellent fit in NaF and KC1 and a reasonable compromise in LiF. Thetheoretical RW peaks are represented by isolated rectangular peaks (marked by * ) . At low energy (K close to G) the RW peak is not resolved from the continuous bulk density. Close to KF condition the RW peak may extend over several bins. This is seen in fig. 3 (8i=49.80) , where the KF induced broadening of the RW peak K reflects fairly well the experimental structure. Here the RW peak at K % -0.2 is not resolved, but the spectra appear to be in reasonably good agreement.
At 0i = 72.2O, the single RW peak is well resolved letting one appreciate how important is the bulk phonon contribution forming the long tail above K = -3.4.
A richer structure is found for ei= 36.0° ( fig. 4 ). Here the intensities of the three distinct RW peaks are in very good agreement with the predicted intensities. Again the experimental tails aside the RW peaks are seen to correspond to bulk phonon structures. While the band around K = 0 contains acoustic phonons, the long tail above K = 2.8 comes essentially from optical phonons. The small theoretical peak0 is a Lucas optical surface mode ( S 4 in fig. 2 ); this is also predicted for B i = 49.8O and 60.0° ( fig. 5 ) but no evidence is found in TOF spectra.
A similar overall agreement is found also in fig. 5 (0 = 60.0°, 63.2O). However, once we fit the maximum intensities around K = -3, we note that the RW intensity at larger (smaller) absolute momentum transfer is weaker (stronger) than the observed one.
The general good agreement between theory and experiment -M means, for the experimentalist, that one-phonon p r o c e s s e s a r e dominant and, for the theoretician, that the Green's function method for surface dynamics and the HCS model employed in scattering theory work quite well. However, the future inte---rest is on the discrepancies.
Y)
Why does theory predict An answer to these questions will probably come from a better description of the surface-atom potential, including the attractive part and the effects of bound-state resonances. For example, the weakness Of Lucas modes in scattering could mean that ~i + -He interaction is even weaker than that schematically described by the choosen surface profile. Actually, the difficulty existing in LiF for the observation of optical modes is that the radius and the polarizability of Li ion (the ion which moves in optical modes) are too small and consequently so are both repulsive and attractive interactions with He atoms.
A better situation occurs in crystals like KC1, where the ions have approximately the same mass and are both polarizable. Moreover in KC1 optical frequencies are smaller than kBT (room temperature) and w i , and can therefore be observed in both energy loss and gain processes. Indeed in KC1(001), besides sharp RW peaks, additional structures corresponding to the strong resonance Ss are observed in TOF spectra:14 such experimental points are compared to the calculated dispersion curves in fig. 6 . Further weak and barely resolved features can be related to optical modes of higher frequency (S2, S6 and S4), but such interpretation is still sub judice. We hope that future measurements will confirm this stimulating observation.
